The aryl hydrocarbon receptor (AHR) repressor (AHRR), an AHR-related basic helix-loop-helix/Per-AHR nuclear translocatorSim protein, is regulated by an AHR-dependent mechanism and acts as a transcriptional repressor of AHR function. Resulting from a teleost-specific genome duplication, zebrafish have two AHRR genes (AHRRa and AHRRb), but their functions in vivo are not well understood. We used antisense morpholino oligonucleotides (MOs) in zebrafish embryos and a zebrafish liver cell line (ZF-L) to characterize the interaction of AHRRs and AHRs in normal embryonic development, AHR signaling, and 2,3,7, 8-tetrachlorodibenzo-p-dioxin (TCDD) toxicity. Zebrafish embryos exposed to TCDD (2 and 8nM) during early development showed strong induction of CYP1A, AHRRa, and AHRRb at 48 and 72 hours post-fertilization (hpf). An MO targeting AHR2 inhibited TCDD-induced expression of CYP1A, AHRRa, and AHRRb by 84-95% in 48 hpf embryos, demonstrating a primary role for AHR2 in mediating AHRR induction. Dual MO knockdown of both AHRRs in ZF-L cells enhanced TCDD induction of CYP1A, but not other CYP1 genes. In embryos, dual knockdown of AHRRs, or knockdown of AHRRb alone, enhanced the induction of CYP1A, CYP1B1, and CYP1C1 by TCDD and decreased the constitutive expression of Sox9b. In contrast, knockdown of AHRRa did not affect Sox9b expression or CYP1 inducibility. Embryos microinjected with each of two different MOs targeting AHRRa and exposed to dimethyl sulfoxide (DMSO) displayed developmental phenotypes resembling those typical of TCDD-exposed embryos (pericardial edema and lower jaw malformations). In contrast, no developmental phenotypes were observed in DMSO-exposed AHRRb morphants. These data demonstrate distinct roles of AHRRa and AHRRb in regulating AHR signaling in vivo and suggest that they have undergone subfunction partitioning since the teleost-specific genome duplication.
The aryl hydrocarbon receptor (AHR), a member of the basic helix-loop-helix/Per-AHR nuclear translocator (ARNT)-Sim (bHLH-PAS) protein family, is a ligand-activated transcription factor that plays important roles in gene regulation, toxicology, and development (Okey, 2007) . The AHR regulates a battery of genes, including several cytochrome P450 (CYP) genes such as CYP1A1, the most highly induced and well-studied target gene. Upon activation by a ligand, the AHR translocates to the nucleus and forms a heterodimer with the ARNT transcription factor. The AHR/ARNT heterodimer recognizes and binds to AHRresponsive enhancer elements (AHREs) in the promoter regions of a variety of target genes. In addition to the induction of several CYP genes, AHR agonists also induce the expression of the AHR repressor (AHRR), which has been shown to have functional AHREs in its proximal promoter in a variety of vertebrate species (Baba et al., 2001; Haarmann-Stemmann et al., 2007; Karchner et al., 2002; Mimura et al., 1999) . The AHRR is a member of the bHLH-PAS protein family and is closely related to the AHR. However, unlike the AHR, which has two PAS domains, the AHRR only has a single PAS domain and lacks a ligand-binding region (Mimura et al., 1999) . The AHRR, which is capable of dimerizing with ARNT, forms a negative feedback loop with AHR, repressing AHR signaling by competition for binding to AHREs (Evans et al., 2008; Mimura et al., 1999) , as well as by novel mechanisms that are independent of AHRE binding by AHRR (Evans et al., 2008) .
Most of the current knowledge of AHRR function comes from transient transfection assays and other in vitro methods used to characterize AHRR expression or the role of this protein in transcriptional regulation of AHR signaling. However, very little is known regarding the role of AHRR in development or AHR signaling in vivo. A recent study (Hosoya et al., 2008) showed that AHRR-deficient mice exhibit enhanced CYP1A1 induction in a tissue-specific manner after treatment with 3-methylcholanthrene. AHRR deficiency in mice does not appear to have any gross effects on development, growth, or reproduction (Hosoya et al., 2008) , although a systematic histological assessment of AHRR-deficient mice has not yet been reported. Many other proteins in the AHR signaling pathway are vital for normal development, independent of their roles in regulating xenobiotic-metabolizing enzymes. Loss of AHR signaling causes a variety of developmental phenotypes, such as abnormal liver development caused by persistence of the ductus venosus, as well as vascular abnormalities in the eye and kidney (Bunger et al., 2003 (Bunger et al., , 2008 Lahvis et al., 2000) . ARNT-deficient mice die in utero due to major failure in placental vascularization (Kozak et al., 1997) , and AHR-associated protein 9 (ARA9)-deficient mice die in utero due to cardiac malformation (Lin et al., 2007) . ARA9 is an immunophilin-like protein that participates as one of the chaperone proteins that stabilizes the cytosolic AHR complex (LaPres et al., 2000) . In addition, partial inhibition of ARNT or ARA9 function by the production of hypomorphs recapitulates the ductus venosus phenotype found in AHR-deficient mice (Lin et al., 2008; Walisser et al., 2004) . Given these observations and recent findings suggesting that AHRR is involved in human reproductive physiology and in the regulation of cell growth (reviewed in Haarmann-Stemmann and Abel, 2006; Hahn et al., 2009) , we hypothesized that AHRR may play a role in basic biological processes, in addition to its role in toxicology.
The zebrafish (Danio rerio) has emerged recently as an excellent model for investigations into both development and developmental toxicology (reviewed in Carney et al., 2006; Hill et al., 2005) . Recent studies have revealed that fish-including zebrafish-often possess two or more homologs (co-orthologs) of human transcription factors, the result of a genome duplication that occurred at the base of the ray-finned fish lineage, after its divergence for the lineage leading to mammals (Meyer and Van de Peer, 2005) . Many of the duplicated (paralogous) genes in fish have undergone subfunctionalization, resulting in paralogs with complementary functions or expression patterns (Postlethwait et al., 2004) . In such cases, the multiple functions of a single mammalian gene can be elucidated by investigating the duplicated fish genes between which the subfunctions have been partitioned (Amores et al., 1998) . As a result of the teleost-specific genome duplication (and an earlier vertebrate-specific genome duplication), zebrafish have multiple AHR genes (AHR1a, AHR1b, and AHR2) (Andreasen, Hahn, et al., 2002; Hahn et al., 2006; Karchner et al., 2005; Tanguay et al., 1999) , ARNT genes (ARNT1 and ARNT2) Tanguay et al., 2000) , and AHRR genes (AHRRa and AHRRb) (These two zebrafish AHRR genes correspond to AHRR1 (AHRRa) and AHRR2 (AHRRb) from our earlier report in Evans et al., 2005) ). The presence of multiple isoforms for these components of the AHR signaling pathway make zebrafish an ideal model organism for studying the diversification and subfunction partitioning of this superfamily of transcription factors (Hahn et al., 2006; Postlethwait et al., 2004) . Investigation of the subfunctionalization of these duplicated transcription factors may offer further insight into the differing roles of the AHR signaling pathway in biological processes, such as development or cell growth, and toxicology. Here, we report new findings concerning the regulation and function of both isoforms of AHRR (AHRRa and AHRRb) in zebrafish. Using antisense morpholino oligonucleotides (MOs), we demonstrate the role of AHR2 in regulating the 2,3,7,8-tetrachlorodibenzop-dioxin (TCDD)-induced expression of both AHRRa and AHRRb. We also demonstrate separate roles for AHRRa and AHRRb in development, AHR signaling in response to TCDD exposure, and mediation of TCDD-induced toxicity.
MATERIALS AND METHODS

Fish Husbandry
The Tupfel/Long fin mutation wild-type strain of zebrafish were used for all experiments and were maintained as previously described (Jönsson, Orrego, et al., 2007) . Fertilized eggs were obtained from multiple group breedings from tanks of 30 female and 15 male fish. Embryos were reared as described previously (Jönsson, Jenny, et al., 2007) . Procedures used in these experiments were approved by the Animal Care and Use Committee of the Woods Hole Oceanographic Institution.
Morpholino Oligonucleotides
Morpholinos designed to block initiation of translation of zebrafish AHR2, AHRRa, and AHRRb were obtained from Gene Tools, LLC (Philomath, OR). The previously described MO (AHR2 MO: 5#-TGTACCGATACCCGCCGA-CATGGTT-3#) (Carney et al., 2004; Prasch et al., 2003) was used for AHR2. Two MOs that overlap by 5 bp were designed for AHRRa (AHRRa MO1: 5#-ATCCTCAAGATGCCTGCTGTGTGTG-3#; AHRRa MO2: 5#-GACAGTCT-CCAGGCGGAATCATCCT-3#). AHRRa MO1 (25 bp) complements 23 bp of the 5# untranslated region (UTR) and the first two residues of the start codon. AHRRa MO2 (25 bp) complements the first three residues upstream of the start codon and the first 22 residues of the coding region. One morpholino was designed for AHRRb (AHRRb MO1: 5#-CATCTTCTCCAAATATCTTA-CAACT-3#). AHRRb MO1 complements the start codon and 22 additional residues of the 5# UTR. Gene Tools' standard control morpholino (Ctrl MO: 5#-CCTCTTACCTCAGTTACAATTTATA-3#) was used as an injection control. All morpholinos were fluorescein tagged for visualization by fluorescence microscopy. Early attempts at designing splice-blocking morpholinos were made; however, we were limited in our targeting with respect to the splice-blocking morpholinos. To avoid the production of an intact DNAbinding fragment that could potentially serve as a dominant negative or still have repressive capabilities (Evans et al., 2008) , we limited the splice-blocking morpholino targeting to the second and third exons of the AHRR genes. Multiple attempts were made to design splice-blocking morpholinos, particularly for the AHRRa gene, but we were unable to demonstrate any effective or significant knockdown of ''wild-type'' transcript using RT-PCR techniques. In addition, a polyclonal antibody to AHRRa was used to attempt to confirm knockdowns using Western blot techniques but was not sufficiently sensitive to detect AHRRa in zebrafish embryos. Based on this outcome, we chose to use multiple translational blocking morpholinos to confirm phenotypes.
Confirmation of MO Translation Inhibition by In Vitro Protein Synthesis
The TNT T7 Quick Coupled Reticulocyte Lysate System (Promega, Madison, WI) was used to synthesize [
35 S]methionine-labeled zebrafish AHRRb protein, and the TNT T3 Coupled Reticulocyte Lysate System (Promega) was used to synthesize [
35 S]methionine-labeled zebrafish AHR2 and AHRRa proteins as per manufacturer's protocols. Briefly, TNT reagents were combined with 1 ll of [ 35 S]methionine (> 1000 Ci/mmol at 10 mCi/ml), 2 ll AHRRb in pcDNA 3.1/Zeo, or 2 ll AHR2 or AHRRa in pBK-CMV (0.5 lg/ll) and adjusted to a final volume of 25 ll with H 2 O. To test the ZEBRAFISH AHRRA AND AHRRB HAVE DISTINCT ROLES IN AHR SIGNALING efficacy of the target MOs, 0.5 ll of a 25lM stock of the standard Ctrl MO, gene-specific MO, or an MO specific for a paralogous gene was added to the reaction for a final concentration of 500nM. Mixtures were incubated at 30°C for 90 min to allow for sufficient in vitro transcription and translation of the target proteins. Fifteen microliters of the labeled protein were resolved by SDS-polyacrylamide gel electrophoresis. Fluorography was used to amplify the signal and visualize proteins on film. Densitometric analysis was performed with the ImageJ software program from the National Institute of Health (http://rsb.info.nih.gov/ij/). The relative densitometric units were determined by normalizing the target MO treatments to the Ctrl MO treatments after all densitometric values were adjusted for local background and band size.
Microinjection of Zebrafish Embryos with Morpholino
Antisense Oligonucleotides
All morpholinos were fluorescein tagged for screening purposes to guarantee that only successfully injected embryos were used for the subsequent experiments. All morpholinos were diluted to 0.18mM in deionized water. A Narishige IM-300 microinjector was used to inject 2.1 nl of morpholino into the yolk of two-to four-cell stage embryos, resulting in approximately 3.3-3.4 ng of morpholino per embryo. Injection volumes were calibrated by injecting solutions into mineral oil and measuring the diameter of the sphere with a stage micrometer (volume ¼ 4/3pr 3 ; 160 lm diameter is equivalent to 2.1 nl). At 3 hours post-fertilization (hpf), embryos were sorted to remove damaged or unfertilized eggs, and the remaining embryos were screened by fluorescence for successful MO incorporation (> 95%).
Exposure of Zebrafish Embryos to TCDD and Experimental Designs
Groups of noninjected (No MO) or MO-injected embryos were placed in glass petri dishes with no more than three embryos per milliliter of 0.33 Danieau's and then exposed to carrier (0.1% dimethyl sulfoxide [DMSO]) or TCDD (dissolved in DMSO) for 1 h, starting at 6 hpf. After TCDD exposure, the embryos were washed three times in fresh 0.33 Danieau's, then placed in petri dishes with 25 ml fresh 0.33 Danieau's, and held in an incubator at 28.5°C with a 1400 h light/1000 h dark cycle. Danieau's solution was renewed at 48 and 96 hpf as needed. Total RNA was prepared using the RNA STAT60 protocol.
Developmental expression of AHRRa and AHRRb. Embryos were exposed to 0.1% DMSO, 2nM TCDD, or 8nM TCDD for 1 h at 6 hpf. Three biological replicates of 20 pooled embryos were collected for each treatment at 24, 48, and 72 hpf. Embryos were flash frozen in liquid nitrogen and stored at À80°C until total RNA isolation used for quantitative RT-PCR.
AHR2 morpholino knockdowns for gene expression assessment. Embryos were microinjected (No MO) with Ctrl MO or AHR2 MO as described above. Embryos were exposed to either 0.1% DMSO or 2nM TCDD for 1 h at 6 hpf. Three biological replicates of 20 pooled embryos were collected for each treatment at 48 hpf. Embryos were flash frozen in liquid nitrogen and stored at À80°C until total RNA isolation used for quantitative RT-PCR.
AHRR morpholino knockdowns for gene expression assessment. Embryos were microinjected with Ctrl MO, AHRRa MO1 or MO2, or AHRRb MO as described above. Embryos were exposed to 0.1% DMSO, 2nM TCDD or 8nM TCDD for 1 h at 6 hpf. Three biological replicates of 20 pooled embryos were collected for each treatment at 48 and 72 hpf. Embryos were flash frozen in liquid nitrogen and stored at À80°C until total RNA isolation used for quantitative RT-PCR.
AHRR morpholino knockdowns for phenotypic assessment. Embryos were microinjected with Ctrl MO, AHRRa MO1 or MO2, or AHRRb MO as described above. Embryos were exposed to 0.1% DMSO, 0.5nM TCDD, 1nM TCDD, or 2nM TCDD for 1 h at 6 hpf. Ten embryos per treatment were sampled at 72 hpf. The incidence and severity of pericardial edema in embryos from each treatment group were determined by quantification of the pericardial sac area. Embryos were anesthetized by addition of MS-222 (0.015% final concentration) to the 0.33 Danieau's and photographed in a lateral view. The area of the pericardial sac was measured using the ImageJ software program. A relative value for the severity of pericardial edema was determined by dividing the size of the pericardial sac for each individual embryo by the mean size of the pericardial sac from No MO DMSO Ctrl (No MO Ctrl).
Gene Knockdown with Morpholino Antisense Oligonucleotides in ZF-L Cells
Using a novel transfection peptide developed by Gene Tools, LLC, a recent study (Tyson-Capper and Europe-Finner, 2006 ) demonstrated the successful transfection of MO into human cell lines and corresponding knockdown of the target gene. This transfection reagent was used to assess the effect of AHRRa and AHRRb knockdown on Cyp1 expression in a zebrafish liver cell line (ZF-L). The ZF-L cell line was maintained in LDF medium (50% Leibovitz's L-15 medium, 35% Dulbecco's modification of eagle's medium, and 15% Ham's F12) supplemented with 5% heat-inactivated fetal bovine serum (FBS) at 28°C. To determine the effect of AHRRa and AHRRb knockdown on Cyp1 expression, ZF-L cells were plated in 48-well plates at a density of 55,000 cells per well in 200 ll of LDF medium. Cells were allowed to adhere to the plate for 30 min, and an additional 100 ll of LDF medium containing 15% heatinactivated FBS was added to each well, and the cells were incubated overnight at 28°C. The next day, fresh LDF medium containing the Endo-Porter (Gene Tools, LLC) transfection peptide (6 ll/ml LDF medium) and 3lM of Ctrl MO or a 6lM combination of AHRRa MO1 and AHRRb MO was placed in each well. The ZF-L cells were incubated in the MO-containing medium for 48 h to allow for full incorporation of the MOs. After 48 h, the LDF medium was exchanged for new medium containing 0.1% DMSO or TCDD dissolved in 0.1% DMSO (final concentration of TCDD-0.5, 2, and 10nM), and cells were incubated for 24 h. Each biological replicate was collected by pooling all the cells from six wells. Three biological replicates were collected per treatment. Cells were lysed by adding 100 ll of RNA STAT60 (Tel-Test B) to each well (600 ll pool per replicate). Total RNA was isolated using the standard protocol for RNA STAT60.
Gene Expression Assessment by Real-Time RT-PCR
cDNA was synthesized from 2 lg total RNA using random hexamers and the Omniscript cDNA Synthesis Kit (Qiagen, Valencia, CA). Quantitative PCR was performed using the iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) in a MyiQ Single-Color Real-Time PCR Detection System (Bio-Rad). At the end of each PCR run, a melt curve analysis was performed to ensure that only a single product was amplified. Three technical replicates were used for each sample. A standard curve for each gene (with the exception of Sox9b) was generated by serially diluting plasmids containing a full-length copy of each gene. Total molecule numbers were calculated for each sample and normalized by a b-actin correction factor. Changes in expression are reported as changes in fold induction by normalizing molecule numbers to the appropriate control. No plasmid template was available for Sox9b, so relative expression was calculated as the fold change compared with the Ctrl MO DMSO treatment according to the following equation (Livak and Schmittgen, 2001) : Relative mRNA expression ¼ 2 ÀDDCt ; where
Real-time PCR primers and the thermocycler protocols for AHRRb, CYP1A, and b-actin are provided in Evans et al., (2005) . Real-time PCR primers and the thermocycler protocols for CYP1B1, CYP1C1, and CYP1C2 are provided in Jönsson, Jenny, et al., (2007) . Real-time PCR primers for Sox9b are provided in Xiong et al. (2008) . The PCR conditions used here for Sox9b were 95°C for 3 min and 95°C for 15 s/62°C for 1 min (40 cycles). Real-time PCR primers for AHRRa are provided in Andreasen et al. (2007) . The PCR conditions used here for AHRRa were 95°C for 3 min and 95°C for 15 s/64°C for 1 min (40 cycles).
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Statistical Analysis
All statistical analyses were performed with the Prism 5 software package (GraphPad Software Inc., San Diego, CA). Data were logarithmically transformed as needed to improve equality of variances. The differences among transcript levels determined by real-time RT-PCR or quantitative changes in phenotype (pericardial edema) in response to TCDD were evaluated using one-way analysis of variance (ANOVA, p value < 0.05), followed by Dunnett's Multiple Comparison test. Multifactor analyses for determining combined effects of gene knockdown and TCDD exposure were evaluated using two-way ANOVA (p value < 0.05), followed by Bonferroni post-tests. Specific analyses are described in the Results section and figure legends. All experiments used for the manuscript were repeated at least twice to confirm the observations. Each experiment in which real-time RT-PCR was performed consisted of 3 replicates of 20 pooled embryos. The statistical analysis was consistent between replicated experiments in all cases; however, data from only one representative experiment are presented.
RESULTS
Expression of Zebrafish AHRRa and AHRRb during Development
To assess the constitutive expression of AHRRa and AHRRb during development and determine their inducibility by TCDD, embryos were exposed to 0.1% DMSO, 2nM TCDD, or 8nM TCDD at 6 hpf and sampled at 24, 48, and 72 hpf for measurement of AHRR expression by real-time RT-PCR ( Fig. 1) . To assess the efficacy of the TCDD exposures, CYP1A expression was also determined. All three transcripts displayed modest increases in constitutive expression (approximately two to threefold) prior to hatching (72 hpf ) (Fig. 1) . Although CYP1A was induced by 2 and 8nM TCDD at all three time points, TCDD exposure did not affect the expression of AHRRa or AHRRb at 24 hpf. However, both AHRRa and AHRRb were responsive to TCDD by 48 and 72 hpf ( Fig. 1) . At 48 hpf, AHRRa was induced 4.6-fold and 7.3-fold by 2 and 8nM TCDD, respectively (Supplementary Table 1 provides fold induction data, i.e., values for TCDD-treated fish normalized to DMSO controls at each time point). At 72 hpf, AHRRa was induced 2.9-fold and 8.3-fold by 2 and 8nM TCDD, respectively. AHRRb was only induced by 8nM TCDD (5.1-fold) at 48 hpf, whereas at 72 hpf, both 2 and 8nM TCDD significantly induced AHRRb expression by 4.1-and 6.0-fold, respectively. In comparison, the induction of CYP1A by TCDD ranged between 16.8-fold and 180-fold during this developmental period (Supplementary Table 1 ).
Confirmation of Morpholino Target Specificity by Inhibition of In Vitro Translation
Prior to conducting experiments using MOs to investigate the regulation of AHRRa or AHRRb, we determined the efficacy and specificity of the MOs by assessing the inhibitory effects of the MO on the in vitro translation of the target proteins ( Fig. 2A) . The AHR2 MO significantly reduced the translation of AHR2 in the in vitro reaction by approximately 98%, similar to previous reports (Prasch et al., 2003) . AHRRa MO1 and AHRRa MO2 inhibited AHRRa translation by approximately 97 and 90%, respectively. AHRRa and AHRRb are highly conserved at the N-terminal end of the protein. Thus, the AHRRa MO2, which targets the start codon and significantly extends into the coding sequence of AHRRa, shares 92% identity with the same region of AHRRb (Fig. 2B) . Despite the high identity, the two mismatches in AHRRa MO2 are sufficient to significantly reduce the effective inhibition of AHRRb translation (50% inhibition) compared to the efficacy of the other target MOs. In contrast, the AHRRb MO caused greater than 99% inhibition of AHRRb translation in the in vitro reaction.
Effect of AHR2 Knockdown on AHRRa and AHRRb Expression and Induction
To determine whether the induction of AHRRa and AHRRb by TCDD is AHR2 dependent, embryos were injected with FIG. 1. Developmental time course of expression of AHR signaling pathway components in response to TCDD exposure. Real-time RT-PCR was used to quantify transcript expression in whole zebrafish embryos during development after exposure to moderate and high concentrations of TCDD. Standard curves derived from plasmid dilutions were used to calculate transcript abundance. To highlight changes in relative gene expression as a result of either changes in developmental time point or TCDD exposure, transcript abundance for each sample (time and exposure) was normalized to the 24 hpf DMSO control. Error bars represent one standard deviation; n ¼ 3 replicates of 20 pooled embryos. Statistically significant difference between DMSO and TCDD at each time point is represented by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001).
ZEBRAFISH AHRRA AND AHRRB HAVE DISTINCT ROLES IN AHR SIGNALING a standard Ctrl MO or the AHR2 MO, exposed to DMSO or 2nM TCDD at 6 hpf, and sampled at 48 hpf for measurement of AHRRa and AHRRb expression by real-time RT-PCR. To confirm effective knockdown of AHR2 signaling, CYP1A expression was also assessed. Knockdown of AHR2 had no significant effect on the basal expression of the three genes. Both the No MO and the Ctrl MO-injected embryos exposed to 2nM of TCDD responded with strong induction of CYP1A, AHRRa, and AHRRb. The AHR2 MO-injected embryos exhibited significantly reduced induction of all three genes: CYP1A (94% reduction), AHRRa (85%), and AHRRb (87%) (Fig. 3) . Thus, AHR2 appears to be a major regulator of AHRRa and AHRRb induction by TCDD in zebrafish embryos.
Differential Roles for AHRRa and AHRRb in AHR Signaling
To begin to determine the role of AHRR in regulating AHR signaling, experiments utilizing the ZF-L cell line were used to assess changes in CYP1 expression and inducibility after dual AHRRa and AHRRb knockdown. In addition to measuring expression of CYP1A, we also measured that of other members of the zebrafish CYP1 family (1B1, 1C1, and 1C2). Previous studies have shown that these genes are responsive to AHR agonists and are regulated in an AHR2-dependent manner in vivo (Jö nsson, Jenny, et al., 2007; Jö nsson, Orrego, et al., 2007) , but their expression in ZF-L cells has not been determined. ZF-L cells were transfected with either Ctrl MO or an equal mix of AHRRa MO1 and AHRRb MO and exposed to carrier (0.1% DMSO) or one of three concentrations of TCDD (0.5, 2, or 10nM), chosen to bracket the EC50 value of 1.27nM TCDD for CYP1A induction in ZF-L cells (Evans et al., 2005) . In cells treated with Ctrl MO, CYP1A expression was significantly induced at all three concentrations of TCDD (Fig. 4) . CYP1B1, CYP1C1, and CYP1C2 also were induced by TCDD, although the degree of induction was moderate (approximately two to fivefold) as compared to the strong induction of CYP1A (~167-fold). CYP1B1 was significantly induced at all three TCDD concentrations, whereas for CYP1C1 and 1C2, significant induction occurred only at 10nM TCDD. Knockdown of both AHRRs resulted in enhanced CYP1A induction, with a statistically significant, 19-39% increase in induction at 2 and 10nM TCDD (Fig. 4) . In contrast to the results for CYP1A, the induction of CYP1B1, CYP1C1, and CYP1C2 was not enhanced by the dual AHRR MO treatment (Fig. 4) .
Following the initial results in ZF-L cells, we performed a series of experiments with zebrafish embryos to determine if dual AHRR knockdown would enhance CYP1 expression in vivo. Zebrafish embryos were microinjected with either Ctrl MO or an equal mixture of AHRRa MO1 and AHRRb MO and exposed to 0.1% DMSO or 2nM TCDD for 1 h at 6 hpf. In initial experiments in which CYP1A expression was measured at 48 hpf by real-time RT-PCR, there was no significant enhancement of induction (Supplementary Fig. 1A ). Two additional experiments were performed with both the Ctrl MO and an equal mix of AHRRa MO1 and AHRRb MO, with sampling at 72 hpf after exposure to 0.1% DMSO, 2, or 8nM TCDD. CYP1A induction was significantly enhanced (48-51%) by the dual AHRR knockdown at this time point at both concentrations of TCDD ( Supplementary Fig. 1B ). To determine if individual AHRR knockdowns had differential effects on CYP1 expression, embryos were injected with the Ctrl MO, AHRRa MO1, or AHRRb MO and exposed to 0.1% DMSO or 2nM TCDD, and CYP1 expression was assessed by real-time RT-PCR at 72 hpf. All four CYP1 transcripts (1A, 1B1, 1C1, and 1C2) were strongly induced by 2nM TCDD compared to DMSO treatments (Fig. 5) . AHRRb knockdown caused an approximately 50% enhancement of CYP1A, 1B1, and 1C1 induction, whereas AHRRa knockdown had no effect on expression or induction of any CYP1 genes (Fig. 5) . CYP1C2 induction was not affected by either AHRR MO. When compared in the same experiment, coinjection of AHRRa Previous studies have suggested a role for Sox9b in mediating the TCDD-induced developmental phenotypes, including craniofacial malformations (Andreasen et al., 2006; Xiong et al., 2008) . In those studies, TCDD caused decreased expression of Sox9b in developing jaw and regenerating fins. To determine if AHRR knockdown would affect Sox9b expression or its repression by TCDD at the level of the whole embryo, embryos were microinjected with a Ctrl MO or individual AHRR MOs, exposed to 0.1% DMSO or 2nM TCDD, and sampled at 72 hpf for assessment of Sox9b expression by real-time RT-PCR. In both No MO and Ctrl MO-injected embryos, TCDD exposure caused a significant reduction in Sox9b expression (Fig. 6 ). While AHRRa MO1 had no statistically significant effect on Sox9b expression in DMSO-treated embryos, AHRRb knockdown caused a significant decrease in Sox9b mRNA in the absence of TCDD (Fig. 6) . However, neither AHRRa knockdown nor AHRRb knockdown had any effect on the TCDD-induced repression of Sox9b expression in whole embryos (Fig. 6) .
Role of Constitutive AHRR Expression in Development
Observations from the AHRR MO experiments suggested that AHRRa knockdown alone (i.e., in the absence of TCDD exposure) could reproduce several of the developmental phenotypes associated with TCDD exposure in embryonic fish. Injection of AHRRa MO1 without subsequent exposure to TCDD caused pericardial edema, yolk sac edema, craniofacial malformations, and cardiac abnormalities (Fig. 7) . In contrast to the results seen with AHRRa MO1, AHRRb knockdown had no observable effects on development under control conditions (0.1% DMSO exposure).
To assess the specificity of the phenotypes caused by AHRRa knockdown, several attempts were made to rescue them by coinjecting in vitro-transcribed capped mRNA (200 and 400 pg of mRNA) for AHRRa. The coding region of AHRRa was cloned into the pT7TS vector (provided by Krieg PA, University of Arizona) to serve as a template for in vitro transcription of the capped mRNA. The pT7TS vector replaces the 5# and 3# UTRs of AHRRa with the UTRs of the Xenopus b-globin transcript, effectively removing the AHRRa MO1 target site from the exogenous AHRRa mRNA. In vitro translation reactions (TNT reactions) were used to confirm that Fig. 2A ). Coinjection of AHRRa mRNA did not block the effect of AHRR knockdown (data not shown). To determine whether exogenous AHRRa protein was expressed in embryos, Western blots were performed on 24 and 48 hpf embryos that were injected with 200 pg of AHRRa mRNA. Additional embryos were microinjected with 100 pg of enhanced green fluorescent protein (eGFP) mRNA to serve as a positive control in which the eGFP protein could be detected by fluorescence microscopy or Western blot using an eGFP-specific antibody. Although eGFP was detectable by Western blot in embryos at 24 and 48 hpf, AHRRa was not detected at either time point (Supplementary Fig. 2B ). To further assess the expression of exogenous AHRRa, a construct encoding an AHRRa-eGFP fusion protein (Evans et al., 2008) was used as template to transcribe mRNA. Embryos (one to two cells) were microinjected with either 400 pg of AHRRaeGFP mRNA or 100 pg of eGFP mRNA. Fluorescence microscopy was used to measure the expression of eGFP or AHRRa-eGFP. At 5 hpf, eGFP fluorescence was detectable by microscopy in both injection groups; however, by 24 hpf, eGFP was no longer detectable in the AHRRa-eGFP group (Supplementary Fig. 2C ). In contrast, embryos microinjected with just eGFP mRNA had eGFP expression detectable beyond 24 hpf by fluorescence microscopy. These observations suggest that exogenous AHRRa mRNA or protein has an extremely fast turnover rate in zebrafish embryos, consistent with previous studies suggesting that AHR/ARNT signaling is regulated by a labile repressor (Ma, 2002; Ma and Baldwin, 2002; Ou and Ramos, 1995) . Thus, it was not possible to rescue the phenotypes caused by AHRRa knockdown.
As an alternative method (Ekker, 2004) for assessing the specificity of the phenotype observed in AHRRa morphants, we investigated whether a second MO primarily targeting AHRRa (AHRRa MO2) could reproduce the effects of AHRRa MO1. AHRRa MO2 was nearly as effective as AHRRa MO1 at   FIG. 4 . Enhancement of TCDD-induced expression of endogenous CYP1A by dual AHRRa/AHRRb MO knockdown in ZF-L cells. ZF-L cells were cotreated with Endo-Porter (MO transfection agent) and MOs targeting AHRRa and AHRRb for 48 h and then exposed to 0.1% DMSO or various concentrations of TCDD for 24 h. Real-time RT-PCR was used to quantify CYP1 transcript expression. Standard curves derived from plasmid dilutions were used to calculate transcript abundance. Relative fold induction was determined by comparing transcript abundance for each sample to the Ctrl MO DMSO. Error bars represent one standard deviation; n ¼ 3 replicates of 6 pooled wells of cells from a 48-well plate. Statistically significant difference in CYP1 induction compared to DMSO for each individual MO treatment is represented by (þ) sign ( p < 0.05). Statistically significant difference in CYP1 induction between Ctrl MO and AHRRa MO1/AHRRb MO is represented by asterisks (**p < 0.01, ***p < 0.001). 432 blocking translation of AHRRa (Fig. 2) . AHRRa knockdown by AHRRa MO2 caused the same developmental phenotypes seen in AHRRa MO1-injected embryos (Fig. 7) . The transcript region targeted by AHRRa MO2 shares strong identity between AHRRa and AHRRb, and the in vitro translation assay suggests that AHRRa MO2 will partially inhibit AHRRb translation. Therefore, to confirm that partial loss of AHRRb played no role in producing the phenotypes, we compared embryos microinjected with AHRRa MO2 and those microinjected with an equal mixture of AHRRa MO1 and AHRRb MO. The dual AHRRa MO1 and AHRRb MO knockdown did not cause any differences in phenotype compared to the AHRRa MO1 or AHRRa MO2 phenotypes (data not shown) in DMSO-exposed embryos. Thus, the phenotypes observed appear to be the result of reduced AHRRa expression.
Role of AHRR in Mediation of TCDD Toxicity
The experiments above suggested that AHRRa regulates endogenous AHR activity, whereas AHRRb modulates changes in CYP1 gene expression following TCDD exposure. To determine the individual roles of AHRRa and AHRRb in mediating TCDD toxicity, embryos were microinjected with a Ctrl MO or individual AHRR MOs and exposed to 0.1% DMSO or one of three concentrations of TCDD (0.5, 1, or 2nM). An increase in pericardial edema, determined by quantification of the size of the pericardial sac at 72 hpf, was used as a measure of the severity of TCDD toxicity. One-way ANOVAs were performed to determine the effect of TCDD treatment on the size of the pericardial sac for each MO treatment. Dunnett's pairwise comparison (p < 0.05) to the FIG. 5. Enhancement of TCDD-induced expression of endogenous CYP1 transcripts by individual AHRRa and AHRRb knockdowns in embryos. AHRRa or AHRRb translation was blocked by MO injection at the two-to four-cell stage in zebrafish embryos. Real-time RT-PCR was used to quantify CYP1 transcript abundance in whole zebrafish embryos at 72 hpf after exposure to 0.1% DMSO (carrier) or 2nM TCDD. Standard curves derived from plasmid dilutions were used to calculate transcript abundance. Relative fold expression was determined by comparing transcript abundance for each sample to the noninjected (No MO) DMSO control. Error bars represent one standard deviation; n ¼ 3 replicates of 20 pooled embryos. Statistically significant difference in transcript expression compared to Ctrl MO is represented by asterisks (***p < 0.001). Results presented are from one experiment, but data are representative of two separate experiments.
ZEBRAFISH AHRRA AND AHRRB HAVE DISTINCT ROLES IN AHR SIGNALING
DMSO control was used to determine which TCDD doses caused a significant increase in pericardial edema. All No MO and MO-injected embryos displayed TCDD dose-dependent increases in pericardial edema (Fig. 8) . The No MO, AHRRb MO-injected, and AHRRa MO1-injected embryos had a significant increase in pericardial edema at both 1 and 2nM TCDD. The Ctrl MO-and AHRRa MO2-injected embryos had a significant increase in pericardial edema only at 2nM TCDD (Supplementary Table 2 ). A two-way ANOVA, using Bonferroni post-tests to compare all treatments to the Ctrl MO treatment, was performed to determine if the combination of specific MO treatments and TCDD exposure enhanced the severity of pericardial edema. Although both AHRRa MOs caused pericardial edema in the DMSO control, the increase was statistically significant only for AHRRa MO2. However, both AHRRa MOs caused a significant enhancement in pericardial edema at all three TCDD doses compared to the No MO and Ctrl MO-injected embryos. In contrast, AHRRb MO caused significant enhancement of pericardial edema only at 2nM TCDD (Fig. 8) .
To more clearly illustrate the ability of AHRR knockdown to enhance TCDD toxicity, the amount of pericardial edema (defined as the increase in pericardial sac size [PSS] over the average control value) was divided among specific causative factors (MO injection and TCDD exposure). MO-induced effects on pericardial edema were determined by comparing the average PSS of No MO embryos to the average PSS of Ctrl MO or AHRR MO-injected embryos. Assessments of TCDD-induced pericardial edema in No MO embryos were based on comparison to control embryos (No MO and DMSO treated). Assessments of TCDD-specific pericardial edema for the various AHRR MO treatments were based on the average increase in PSS compared to TCDD-exposed embryos microinjected with Ctrl MO. The sum of these two causative factors was then subtracted from the total amount of pericardial edema in embryos treated with both AHRR MO FIG. 6 . Sox9b expression after AHRR knockdown or TCDD exposure. AHRRa or AHRRb translation was blocked by MO injection at the two-to four-cell stage in zebrafish embryos. Real-time RT-PCR was used to quantify Sox9b expression in whole zebrafish embryos at 72 hpf after exposure to 0.1% DMSO (carrier) or 2nM TCDD. Relative fold change was calculated by the 2
ÀDDCt method by comparison to the Ctrl MO DMSO treatment. Error bars represent one standard deviation; n ¼ 3 replicates of 20 pooled embryos. Statistically significant difference in transcript expression compared to Ctrl MO DMSO is represented by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001).
FIG. 7.
Recapitulation of TCDD-like developmental phenotypes by AHRRa knockdown in zebrafish embryos. AHRRa or AHRRb translation was blocked by MO injection at the two-to four-cell stage in zebrafish embryos. Common TCDD-induced developmental phenotypes, such as pericardial edema, craniofacial malformations, and cardiac deformities, were phenocopied by AHRRa knockdown in DMSO-treated embryos. Phenotype occurrence was confirmed by microinjection of two separate AHRRa MOs. In contrast, embryos microinjected with AHRRb MO did not display any abnormal developmental phenotypes in DMSO-treated embryos. Results presented are representative of at least three separate experiments.
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and TCDD to determine the amount of edema that represents an enhancement (i.e., greater than additive increase) as a result of combined AHRR knockdown and TCDD exposure. The data showing the relative influence of each causative factor on pericardial edema are shown in Figure 9 . At the 0.5nM concentration, TCDD exposure alone had negligible effects on pericardial edema in the No MO embryos or any of the MO-injected treatments. However, the two higher doses of TCDD (1 and 2nM) resulted in pericardial edema (20 and 36% increase in PSS), independent of MO treatment. AHRRa MO1 and MO2 knockdowns resulted in pericardial edema (55 and 90% increase in PSS) in the absence of TCDD exposure. In contrast, Ctrl MO and AHRRb MO had negligible effects on pericardial edema. After accounting for TCDD-or MOspecific effects on pericardial edema, it is evident that knockdown of either AHRRa or AHRRb is capable of enhancing the ability of TCDD to cause embryotoxicity, measured as pericardial edema. AHRRa MO1 had the most significant impact on TCDD-induced toxicity; 45, 50, and 54% of the pericardial edema in embryos exposed to TCDD (0.5, 1, and 2nM, respectively) were due to the interaction between TCDD and MO treatment. The AHRRa MO2 produced significant pericardial edema on its own without enhancing the edema caused by 0.5 or 1nM TCDD (Fig. 9) . However, in embryos injected with AHRRa MO2 and exposed to 2nM TCDD, 26% of the pericardial edema was due to an interactive effect. AHRRb knockdown did not have a significant effect on pericardial edema in DMSO-or 0.5nM TCDD-treated embryos. However, AHRRb knockdown did enhance TCDD-induced toxicity in the 1 and 2nM TCDD exposures as evidenced by increases in pericardial edema (63 and 55%, respectively) that could not be accounted for by TCDD alone.
Because of the partial AHRRb knockdown by AHRRa MO2, a comparison between AHRRa MO1, AHRRb MO, and dual microinjection of AHRRa MO1 and AHRRb MO was performed to determine if the phenotypic changes associated with AHRRa knockdown were enhanced by coinhibition of AHRRb. There were no differences in phenotype severity between embryos injected with AHRRa MO1 and those injected with AHRRa MO1 and AHRRb MO together (Supplementary Fig. 3) . Thus, the results of AHRRa MO2 can be considered specific for AHRRa knockdowns even though there may be minor inhibition of AHRRb translation.
To track the development of pericardial edema over time in embryos injected with MOs and exposed to TCDD, additional experiments were performed with a single TCDD concentration. Because of the severe morbidity and higher incidence of mortality at later time points in preliminary studies in which embryos were subjected to AHRR knockdown and TCDD concentrations of 2nM (data not shown), a TCDD concentration of 0.5nM was used for exposure. Embryos were microinjected with a Ctrl MO or individual AHRR MOs and exposed to 0.1% DMSO or 0.5nM TCDD; pericardial sac measurements were taken at 72, 96, and 120 hpf and used to calculate the mean PSS and the prevalence of pericardial edema (percentage of fish exhibiting PSS > mean PSS þ 2 3 standard deviation). There was no increase in PSS at any time point in either the DMSO or 0.5nM TCDD treatments in No MO embryos or embryos microinjected with Ctrl MO or AHRRb MO ( Supplementary Fig. 4 ). In contrast, both AHRRa MOs caused a progressive increase in pericardial edema in both the DMSO and 0.5nM TCDD exposure groups compared to Ctrl MO treatments at each respective time point ( Supplementary Fig.  4 ). There were no significant differences in pericardial edema between the DMSO and 0.5nM TCDD exposure groups in the AHRRa MO1 or AHRRa MO2 treatments at any time point. The prevalence of pericardial edema in the No MO embryos or embryos injected with Ctrl MO or AHRRb MO remained at 10% or below over the course of the experiment in both the DMSO and 0.5nM TCDD exposure groups ( Supplementary  Fig. 5 ). In contrast, both AHRRa MOs caused pericardial edema in 50-100% of the embryos regardless of TCDD exposure.
DISCUSSION
The AHRR is an AHR-regulated protein that forms a negative feedback loop with the AHR by repressing AHR signaling. Most   FIG. 8 . PSS in embryos subjected to AHRR knockdown and exposed to DMSO or TCDD. AHRRa or AHRRb translation was blocked by MO injection at the two-to four-cell stage in zebrafish embryos. Image analysis was used to quantify PSS in 72 hpf embryos after exposure to 0.1% DMSO (carrier) or various concentrations of TCDD. PSS was normalized to the average sac size of noninjected, DMSO-treated embryos and expressed as a ratio of individual/ mean of control. Error bars represent one standard deviation; n ¼ 10 individual embryos. A two-way ANOVA was performed to determine the significance of combined TCDD exposure and MO knockdown on the severity of pericardial edema measured by changes in PSS. Statistically significant differences in relative PSS compared to Ctrl MO at each TCDD concentration are represented by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001). Results presented are representative of two separate experiments.
ZEBRAFISH AHRRA AND AHRRB HAVE DISTINCT ROLES IN AHR SIGNALING of the current knowledge of AHRR function comes from in vitro studies used to characterize AHRR expression or the role of this protein in transcriptional regulation of AHR signaling. Although several of the key components of the AHR pathway, including AHR, ARNT, and ARA9, have been shown to play important roles in basic biological processes, very little is known regarding the role that AHRR plays in development or AHR signaling in vivo. We report here the functional characterization of two AHRR isoforms, AHRRa and AHRRb, in zebrafish embryos. We demonstrate that AHR2 regulates the TCDD-induced expression of both AHRRs and that AHRRa and AHRRb have distinct roles in developing embryos. Our results show that AHRRb represses CYP1 expression in response to TCDD exposure, while AHRRa plays a separate role in controlling constitutive AHR signaling. We also present data suggesting that both AHRRa and AHRRb are able to modulate TCDD toxicity.
AHRR Expression and Regulation by AHR2
Studies in mammals have demonstrated that AHRR is expressed in a variety of organs and is inducible in a tissuespecific manner by different AHR agonists (Bernshausen et al., 2005; Mimura et al., 1999) . In a previous study, we demonstrated that zebrafish AHRRa and AHRRb are inducible in embryos by TCDD exposure at 24 hpf (Evans et al., 2005) . We performed new dose-response experiments to determine the effects of early (6 hpf ) TCDD exposure on AHRR expression (Fig. 1) . The timing and magnitude of CYP1A induction in response to TCDD were consistent with previous studies (Andreasen, Spitsbergen, et al., 2002; Jönsson, Jenny, et al., 2007) . Although both AHRRa and AHRRb were very responsive to TCDD at the later (48 and 72 hpf) time points, neither AHRR displayed any signs of induction by 24 hpf at either a moderate or high TCDD concentration (Fig. 1) . This delay in AHRR induction is contrasted by the strong induction of CYP1A (Andreasen, Spitsbergen, et al., 2002; Prasch et al., 2003) , CYP1B1, 1C1, and 1C2 (Jönsson, Jenny, et al., 2007) by various AHR agonists at this earlier developmental time point. Whether such differences in induction kinetics reflect differential RNA turnover or other mechanisms remains to be determined.
AHR-deficient adult mice display a significant decrease (> 100-fold decrease) in constitutive expression of AHRR compared to wild-type animals (Bernshausen et al., 2005) , FIG. 9 . Enhancement of TCDD toxicity by AHRR knockdown as determined by severity of pericardial edema. Assessment of TCDD-induced pericardial edema for the various AHRR MO treatments are assumed to be the same as the average increase in PSS from TCDD-exposed embryos microinjected with Ctrl MO. Assessments of TCDD-induced pericardial edema in noninjected embryos (No MO) were based on comparison to control embryos (noninjected and DMSO treated). MO-induced changes in PSS were determined from DMSO-treated embryos. The sum of these two causative factors (MO and TCDD treatment) was used to determine the magnitude of TCDD-induced edema that is specifically enhanced (i.e., more than additive) as a result of AHRR knockdown. AHRRa knockdown alone resulted in significant pericardial edema that was further enhanced by TCDD exposure. In contrast, AHRRb knockdown alone caused minimal pericardial edema in control embryos but significantly enhanced the TCDD-induced pericardial edema. 436 whereas mice overexpressing a constitutively active AHR mutant display increased AHRR transcription (Andersson et al., 2002) . In addition, AHR agonists induce the expression of the AHRR, and in vitro promoter assays have demonstrated the functionality of the AHREs found in the proximal promoter of AHRR in a variety of vertebrate species (Baba et al., 2001; Haarmann-Stemmann et al., 2007; Karchner et al., 2002; Mimura et al., 1999) . These observations clearly establish a role for AHR in regulating constitutive AHRR expression and support the idea that AHR and AHRR form a regulatory loop. However, the AHR dependence of AHRR induction in vivo has not been demonstrated. Considering the primary role of AHR2 in regulating CYP1 expression in zebrafish (Jönsson, Jenny, et al., 2007; Prasch et al., 2003) , we hypothesized that AHR2 might also control the induction of AHRRa and AHRRb. We show here that AHR2 knockdown via MO severely inhibited the TCDD-dependent induction of both AHRRa and AHRRb, providing strong evidence for the role of AHR2 in the regulation of AHRR induction by TCDD in vivo (Fig. 3) . Although our data demonstrate that AHR2 is primarily responsible for regulating the TCDD-dependent induction of both zebrafish AHRRs in whole embryos, future studies are required to establish any potential roles for either AHR1a or AHR1b in regulating AHRRa or AHRRb expression in response to other AHR agonists or in a tissue-specific manner.
Distinct Roles of AHRRa and AHRRb in Modulation of CYP1
Gene Expression Previous studies have demonstrated a regulatory role for AHRR in the constitutive expression of CYP1A1, as well as its induction by AHR agonists (Haarmann-Stemmann et al., 2007; Hosoya et al., 2008) . Hosoya et al. (2008) demonstrated that AHRR-deficient mice exhibited enhanced CYP1A1 induction in a tissue-specific manner after treatment with 3-methylcholanthrene. Similarly, AHRR mRNA silencing enhanced the basal expression of CYP1A1 in HeLa cells (Haarmann-Stemmann et al., 2007) . Consistent with these observations, we demonstrated that dual AHRRa/AHRRb knockdown enhanced the induction of CYP1A in ZF-L cells (Fig. 4) as well as whole embryos ( Supplementary Fig. 1B) . Surprisingly, even though zebrafish CYP1A, 1B1, 1C1, and 1C2 have all been shown to be induced by TCDD in an AHR2-dependent manner (Jönsson, Jenny, et al., 2007) , only CYP1A induction was significantly enhanced by the dual AHRR knockdown in ZF-L cells (Fig. 4) . The results suggest the possibility that AHRR does not repress all AHR target genes or that there are differences between cultured cells and in vivo systems in the ability of AHRR to repress AHR transactivation. Consistent with this, it has long been known that AHR target genes are not necessarily coordinately regulated (Dunn et al., 1988; Fagan et al., 1986; Zhang et al., 2006) . Thus, AHRR could contribute to genespecific differences in responsiveness to TCDD exposure.
Previously, we provided evidence that AHRRa and AHRRb are co-orthologs of the human AHRR, originating as part of the fish-specific whole-genome duplication (Evans et al., 2005) . Here, we used zebrafish embryos to assess AHRR function during embryonic development. To determine if the AHRR duplication has led to subfunction partitioning, we performed individual knockdowns of AHRRa and AHRRb and assessed the effects on CYP1 induction in whole embryos. AHRRa knockdown did not have a significant effect on CYP1 expression or inducibility, whereas AHRRb knockdown caused a significant enhancement (~50% increase) in CYP1A, 1B1, and 1C1 induction by TCDD (Fig. 5) . These observations were somewhat unexpected because in vitro promoter experiments showed that both AHRRa and AHRRb are capable of repressing AHR2-dependent transactivation to a similar extent (Evans et al., 2005) . Despite the evidence for conservation of repressor function in vitro, AHRRa and AHRRb appear to differ in their roles in controlling AHR2 signaling in response to TCDD in vivo. However, the most striking observation from the individual AHRR knockdowns was that, in the absence of TCDD exposure, AHRRa morphants displayed several of the classic signs of TCDD embryotoxicity, such as pericardial edema, craniofacial malformations, and cardiac abnormalities (Fig. 7) . In contrast, AHRRb morphants showed no sign of any developmental abnormalities. Together, these results suggest that AHRRa and AHRRb have distinct functions in the zebrafish embryo that may reflect partitioning of subfunctions of the putative single AHRR that existed in the most recent common ancestor of mammals and fish.
Some of the apparent functional differences between AHRRa and AHRRb may be due to tissue-specific expression of one or both repressors; whether these AHRRs are expressed in a tissue-specific manner during zebrafish development is not yet known. However, it is possible that tissue specificity alone may not explain all the differences in developmental phenotype or enhanced CYP1 induction. Even when coexpressed in vivo, paralogous proteins may exhibit distinct functions. For example, ARNT2 is generally coexpressed with AHR2 in zebrafish embryos (Andreasen, Spitsbergen, et al., 2002) and is more highly expressed than ARNT1 in whole embryos . Despite this and although ARNT2 is capable of partnering with AHR2 to drive the transcription of reporter constructs in vitro , it is ARNT1 rather than ARNT2 that supports AHR2-dependent induction of CYP1A and the TCDD-induced developmental phenotypes in vivo Prasch et al., 2006) . The functional differences between AHRR paralogs identified in the present manuscript resemble those described for ARNT1 and ARNT2. AHRRa has a higher transcript abundance in whole embryos compared to AHRRb levels (Evans et al., 2005;  data not shown) but does not appear to play a role in regulating the induced expression of CYP1 genes in response to TCDD. In contrast to these in vivo observations, both AHRRa and AHRRb are capable of repressing AHR2 transactivation in ZEBRAFISH AHRRA AND AHRRB HAVE DISTINCT ROLES IN AHR SIGNALING transient transfection assays (Evans et al., 2005) , indicating conserved functional capabilities. These observations highlight the need for comprehensive in situ hybridization and immunohistochemistry experiments to determine the tissue specificity of the AHRs and AHRRs in zebrafish embryos. The results also demonstrate that in vitro assays do not always predict in vivo functionality.
Distinct Roles of AHRRa and AHRRb in Development
The AHR regulates basic biological processes including cellular differentiation, cell cycle progression, and apoptosis (reviewed in Hahn et al., 2009; Ma et al., 2009) . The role of AHR in these processes may involve cross-talk between AHR and variety of other cell signaling proteins, including estrogen receptor, hypoxia-inducible factors (HIFs), RelA NF-jB subunit, peroxisome proliferator-activated receptors, and Wnt/bcatenin signaling pathways (Fallone et al., 2005; Hanlon et al., 2003; Kharat and Saatcioglu, 1996; Lee et al., 2006; Mathew et al., 2008; Prasch, Andreasen, et al., 2004; Vogel et al., 2007; Zhang and Walker, 2007) . Virtually, nothing is known regarding the role of AHRR in any of these processes, but recent studies suggest that AHRR, like AHR, interacts with other signaling systems. For example, Kanno et al. (2008) showed that overexpression of human AHRR in breast cancerderived cells repressed both endogenous expression of estrogen-responsive genes and estradiol-stimulated cell proliferation (Kanno et al., 2008) . Additional studies from our laboratory have demonstrated that human AHRR is capable of repressing HIF-dependent signaling (Karchner et al., 2009) . These two studies show that AHRR plays a broader role in transcriptional regulation that extends beyond its role as a repressor of AHR.
The results presented here suggest a potential role of AHRR also in regulating the Wnt/b-catenin signaling pathway, as demonstrated by the suppression of Sox9b expression by AHRRb (Fig. 6 ). Previous studies have identified Sox9b as a gene that is repressed in some tissues by TCDD exposure (Andreasen et al., 2006; Xiong et al., 2008) and plays a role in mediating the craniofacial malformations associated with TCDD developmental toxicity in fish (Xiong et al., 2008) . In the present study, TCDD exposure suppressed Sox9b expression in whole embryos (Fig. 6) . However, neither the AHRRa MO nor the AHRRb MO affected Sox9b suppression by TCDD. With the prevalence of pericardial edema and craniofacial malformations in AHRRa morphants, we were surprised that AHRRa knockdown did not affect Sox9b expression in DMSO-treated embryos, whereas AHRRb knockdown caused a significant decrease in Sox9b expression (Fig. 6) . As previously mentioned (Andreasen et al., 2006; Xiong et al., 2008) , the Sox9b morphants (Yan et al., 2005) display phenotypes very similar to those induced by TCDD. The phenotype of Sox9b morphants is also similar to that of AHRRa morphants. Thus, it is possible that AHRRa regulates Sox9b in a tissue-specific manner to cause the developmental phenotypes. However, our studies do not directly address the possible role of Sox9b in the phenotypes of AHRRa morphants. Nevertheless, the decrease in constitutive expression of Sox9b and enhanced CYP1A induction in response to TCDD in AHRRb morphants may suggest a role for AHRRb in modulating both positive and negative regulation of transcription by AHR.
With respect to aromatic hydrocarbon exposure, the AHR plays a dual role in regulating the enzymatic metabolism of these compounds and mediating their toxic effects (Prasch et al., 2003; Walisser et al., 2005) . However, in the absence of toxicant exposure, AHR and several components of the AHR signaling pathway also play important roles in development, especially cardiovascular development (Kozak et al., 1997; Lahvis et al., 2000; Lin et al., 2007) . Given these observations, it is reasonable to suggest that AHRR may also play a role both in basic biological processes and in the response to toxicants.
It is currently thought that many of the toxic end points induced by TCDD or related pollutants may be the result of hyperactivation of the AHR resulting in misregulation of target genes involved in basic biological processes. Consistent with this idea, the recapitulation of TCDD-like developmental phenotypes by AHRRa knockdown in DMSO-treated embryos (Fig. 7) suggests that AHR is constitutively active during development and that AHRRa has an important role in controlling that activity. The observation that AHRRa knockdown has no effect on CYP1A expression but can phenocopy TCDD toxicity, presumably by hyperactivating the AHR, is consistent with the idea that at least some TCDDinduced phenotypes are independent of CYP1A expression (Carney et al., 2004) .
Distinct Roles of AHRRa and AHRRb in Enhancement of TCDD Toxicity
We have presented data that suggest separate roles for AHRRa and AHRRb in preventing TCDD-like developmental defects that may be caused by constitutive activation of the AHR or regulating AHR signaling by altering the expression of AHRresponsive genes (CYP1 and Sox9b), respectively. To determine whether AHRR knockdown affects TCDD-induced toxicity, we monitored the severity of pericardial edema in AHRRa and AHRRb morphants after exposure to a series of TCDD concentrations. Knockdown of AHRRa or of AHRRb enhanced the toxic effects of TCDD exposure in vivo (Figs. 8 and 9; Supplementary Table 2) . Interestingly, the opposite relationship was observed in AHRR-deficient mice, which displayed some resistance to B[a]P-induced chemical carcinogenesis, presumably by ''superinduction'' of CYP1A1 and accelerating the rate of B[a]P clearance (Hosoya et al., 2008) . However, this difference in observations is likely due to the different end points measured as well as the metabolic differences between these two AHR agonists, including the well-established persistence of TCDD even in the face of induced CYP1A. 
CONCLUSION
The results presented here provide new information concerning the regulation and function of both isoforms of AHRR (AHRRa and AHRRb) in zebrafish. Using antisense MOs, we demonstrate an AHR2-mediated role in the induction of both AHRRs by TCDD. We also demonstrate separate roles for AHRRa and AHRRb in regulating developmental processes, AHR signaling in response to TCDD exposure, and TCDD-induced embryotoxicity. AHRRa appears to play a primary role in regulating constitutive AHR signaling during development, whereas AHRRb regulates the TCDD-induced expression of CYP1 genes. However, both AHRRs play a role in modulating TCDD embryotoxicity. Our results suggest that the zebrafish AHRRs may have partitioned the multiple functions of the single AHRR found in mammals and thus will be useful in future studies to further elucidate AHRR function in vivo.
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